Beryllium (Be) is still not well understood from a toxicological point of view, and studies that involve the determination of different Be compounds species in tissues need to be conducted. In this paper we describe the development and validation of reliable methods for the detection of ultra-trace levels of Be in various biological matrices. Blood and tissues (liver, lung, spleen, and kidney) were used in this study. The samples were digested with a mixture of nitric and perchloric acids for Be and BeAl and an addition of sulfuric acid was made for BeO. The solutions were analyzed by inductively coupled plasma mass spectrometry with 6 Li as internal standard. The detection limits are in the order of 0.02 ng/g for tissue and 0.03 ng/mL for blood, and were compared to existing reference methods. To our knowledge, this is the first study that assesses dissolution of the different Be compounds in biological matrices, while also undergoing a rigorous optimization and complete validation. This method has proven that it is reliable, among the most sensitive available in the literature, and that it can be used in trace toxicological studies for Be.
Introduction
Beryllium (Be) is a shiny gray metal of the alkaline earth family. It has an atomic number of 4, a molecular weight of 9.01 g/mol, and an oxidation state of +2. It does not exist in the pure state in nature. In industry, Be is used mainly in the form of an oxide (15%), in its metallic form (10%), and in the form of alloy (75%) (1) .
Be is known to increase the hardness of alloys, their resistance to corrosion, and their electrical and thermal conductivity. Be is six times more rigid than steel, and three times lighter than aluminum. It is resistant to heat deformation and pressure, has a high heat absorption capacity, and is transparent to microwaves and X-rays (1, 2) . These unique properties make Be suitable for extensive use in high technology industries such as aerospace, electronics, nuclear, telecommunications, and computers, as well as dentistry and ceramics (1) .
Exposure to Be can cause sensitization (BeS) in a small percentage of the exposed population. Chronic beryllium disease (CBD) may develop after subsequent exposure of sensitized individuals. CBD is a progressive granulomatous lung disease that is characterized by mononuclear cell infiltration and granulomatous inflammation in the lungs (1, (3) (4) (5) (6) . Be toxicity may depend upon particle properties including the number, concentration, or size of the particles, surface area, and chemical form (1, (7) (8) (9) (10) (11) (12) (13) (14) (15) .
In order to study the distribution of Be in a target organ, and depending on the size and nature of Be particles, analytical methods must be developed. They must take into account the availability and specificity of the analysis of Be and they must efficiently dissolve the Be compounds found in biological matrices.
The main techniques used for the analysis of metals in biological matrices are flame atomic absorption spectroscopy (F-AAS), electrothermal atomic absorption spectroscopy (ET-AAS), inductively coupled plasma optical emission spectroscopy (ICP-OES), and inductively coupled plasma mass spectrometry (ICP-MS). Of all these techniques, ICP-MS is the one that offers the best analytical characteristics. In fact, ICP-MS is now widely used in clinical biology because of its exceptional qualities, including high sensitivity, ability to analyze multiple isotopes of the same element, high speed of analysis, and its high dynamic linear range (up to eight orders of magnitude) (16, 17) .
As yet, no method available in the literature for the biological matrices that are used (blood, kidney, liver, lungs, and spleen) has undergone a process of full and rigorous method validation for different Be species analysis. Obviously, it is quite clear that the development and validation of reliable analytical methods for Be detection at trace levels in biological matrices are crucial. This is the main objective of this study. It is important to note that urine is a viable biological matrix to assess exposure to Be (18) . Adequate methods are already published (18) (19) (20) (21) , so this matrix will not be discussed in this paper.
Biological samples used
The blood used for the development and validation of the study came from volunteers not exposed to Be, and the kidneys and livers came from pork purchased from a local distributor. The spleens and lungs came from male Sprague-Dawley rats weighing between 150 and 200 g (Charles River Canada, SaintConstant, QC, Canada).
Instrumentation
A Perkin Elmer Elan DRC-II (PerkinElmer Life and Analytical Sciences, Waltham, MA) was used for sample analysis. The ICP-MS was equipped with a Meinhard™ quartz nebulizer, a quartz cyclonic spray chamber, a tapered quartz injector with ball joint and a standard quartz torch, Platinum sampler (orifice diameter of 1.1 mm) and skimmer (orifice diameter of 0.9 mm) cones were used to sample ions. The MS analyzer was a quadruple. The dynamic reaction cell was not used in this study. The ICP-MS settings are presented in Table I . The instrument optimization steps followed Perkin Elmer guidelines (22) .
Analytical method
Sample preparation. The organic tissues frozen at -70°C (blood, kidney, liver, lungs, and spleen) were thawed one day before digestion at 4°C. The organs were rinsed with a 0.9% (w/v) sodium chloride physiological solution. The volume of blood used was 1 mL.
Matrix digestion and powder dissolution. Preliminary tests, using different reagent mixes of HNO 3 , HClO 4 , and H 2 O 2 at temperatures ranging from 150 to 175°C for 3 to 5 h, showed that the use of perchloric acid in nitric acid reagent solution allows efficient and fast digestion. The digestion parameters (temperature, time, reagent ratio) were optimized in this regard.
The method was also verified for powder dissolution in the presence of organic matrix (kidney). Initial methods were used on the three different species (Be, BeAl, and BeO) on a mass equivalent to approximately 100 μg of Be. Different acid mixes were tested on the BeO species (6 mL of HNO 3 /HClO 4 (3:1); 3 treatments with 6 mL of HNO 3 /HClO 4 (3:1), 6 mL of HNO 3 /HClO 4 (3:1) followed by 3 mL of HCl added after digestion and HNO 3 /HClO 4 (3:1) with 0.5 or 1 mL of H 2 SO 4 added at the beginning of digestion). The dissolution method using H 2 SO 4 was retained.
Laboratory materials were decontaminated in trays containing a solution of 20% (v/v) HNO 3 for a period of 12 h. The beakers containing the samples were placed under a perchloric acid hood.
The following method was used for the digestion of Be and BeAl species. A volume of 6 mL of a 3:1 solution of concentrated HNO 3 /HClO 4 is added to each beaker. The beakers are heated with constant mechanical agitation on a heating plate As for BeO species, a volume of 6 mL of a 3:1 solution of concentrated HNO 3 /HClO 4 and a volume of 0.5 mL of concentrated H 2 SO 4 is added to each beaker. The beakers are heated with constant mechanical agitation on a heating plate adjusted to a surface temperature between 135°C and 145°C. When foaming is visible in the solutions, the beakers are removed from the plate for a period of 30 min. After that time, they are returned to the plate and the digestion continues at a plate temperature between 195°C and 205°C with constant mechanical agitation. Contrary to the Be and BeAl method, the sample is not evaporated to dryness (around 140 μL of reagent should remain) and is diluted with water to a final volume of 14 mL. The ICP-MS nebulizer and injector plasma torch must be cleaned with methanol between analysis sequences (around 50 samples) to ensure the quality of the results.
Choice of internal standard. In order to verify which internal standard is the most appropriate for this work, commonly used internal standards ( 6 Li, Sc, and Ge) for low mass were tested. These elements are used because almost no significant chemical interference is known for them (23) . 6 Li was chosen because its mass is close to that of Be (m/z = 6 and m/z = 9, respectively) (24) . 72 Ge was also investigated because its first ionization potential is close to that of Be (eVs of 7.90 and 9.32, respectively) (24). 43 Sc is the internal standard of choice in a majority of laboratories analyzing Be (25) .
Internal standards were added online at 4:1 (sample/internal standard) at a concentration of 100 μg/L. Samples used for the optimization were 1 μg/L Be solutions with increasing concentration of the matrix (H 2 SO 4 ) from 0 to 12% (v/v) with five replicates for each H 2 SO 4 concentration.
Calibration. The ICP-MS was calibrated using aqueous standard solutions prepared from the stock solutions by subsequent dilution in the range of 0.05-2. BeO quantification method. Sulfuric acid generates important matrix effects in ICP-MS (26) . These effects are cumulative and become greater as the analysis sequence advances. Some preliminary tests have indicated (not shown here) that the standard addition method in the concentration range studied causes too much variability. Spike correction with internal standardization correction is used when sulfuric acid is used. In this method, 50 μL of Be standard is added to 4.95 mL of each sample to correct the value obtained by the calibration curve. The final concentration of the addition is 0.5 ng/mL. This method has been verified with Certified Reference Materials (CRM) (see Table II ), and the sample concentration can be calculated using equation 1.
where C c = corrected concentration of the analyte solution (ng/mL); C b = concentration of the analyte solution before correction (ng/mL); and R = spike recovery (%).
Method validation
Precision measurement and limits of the method. The method detection limit (MDL) was calculated as 3 times the signal-to-noise ratio obtained from 10 replicates under the given analytical conditions (27, 28) . A ratio of 10 was used to calculate the method quantification limit (MQL). MDLs are evaluated with each organ and blood sample at a low concentration level (ranging from 6 to 20 ng/L), which must be between 4 to 10 times the obtained MDL. The instrumental limit of detection is determined with no organic matrix using the same method, with a Be concentration of 2.5 ng/L for the Be and BeAl method, and a concentration of 6.0 ng/L the for BeO method (27, 28) .
The analytical uncertainty (CV a ) as determined according to ISO (29,30) is calculated by taking into account all stages of the methods. The expanded analytical uncertainty (U) is calculated according to ISO, but by using a coverage factor (k) as suggested by Bartley (31) .
Replicability (in-batch) and repeatability (between batch)
are evaluated on 24 samples covering 4 levels of concentration (0.1, 0.5, 1.0, and 1.5 μg/L of Be). For repeatability testing, different days of analysis and analysts are used. Equation 2 shows the formula used for calculating replicability and repeatability with a confidence level of 95% (27):
where REP = replicability or repeatability (%); t student = value from a student table for a confidence level of 95% with a bilateral probability; RSD = average relative standard deviation between concentration levels; and n = total number of measures on all concentration levels. Accuracy measurement. Accuracy is defined as the difference in recovery of the CRM Seronorm target value and the obtained value.
Storage of samples. The stability of the samples is measured using samples prepared and analyzed, according to their respective methods, on the first day (identified as day 0), and the same samples are tested again after one of the four following periods: 7, 14, 21, and 28 days. The samples are stored in glass or polypropylene tubes at 6°C between periods of analysis.
Results

Matrix digestion and powder dissolution
The powder dissolution test results are presented in Table III . The final tests were in the presence of kidney tissue, and recoveries of 103 ± 2% for Be and 100 ± 4% for BeAl were obtained. Because the method was ineffective for completely dissolving BeO particles, different reagents were tested and the addition of H 2 SO 4 was the most effective technique, with a recovery of 99 ± 2%.
A specific correction method was used for BeO samples, as shown in equation 1, to correct for the matrix effect. Table  II shows that there was a significant difference between the values obtained at the beginning and at the end of the analysis sequence when no correction was used. The correction method eliminated this problem, as clearly shown in Table  II . It should be noted that the values obtained without correction differed more significantly from the expected value than the values obtained with correction. Table II analysis and 1 measure of CRM after processing a maximum of 20 samples in triplicate.
Choice of internal standard
Three internal standards were tested ( 6 Li, 43 Sc, and 72 Ge). By varying the sulfuric acid content, it is possible to verify whether the internal standard reacts in the same way as Be. Figure 1 shows the results for the internal standards used, and the linearity of the Be/Li signal clearly demonstrates that 6 Li showed the same pattern as 9 Be. This fact makes 6 Li the internal standard of choice for correcting the 9 Be signal.
Method validation
Precision measurement and limits of the method. The evaluation of MDL is an important parameter because concentrations of metals in biological tissues are usually low; methods with high detection power are therefore needed. The precision represents the calculation of the replicability and repeatability of the method. Table IV shows the values for precision measurement.
The MDLs obtained for both methods were all in the same range, regardless of the biological matrix that was being tested. The instrumental detection limits were evaluated and were 0.7 pg/mL (1% HNO 3 matrix) for the Be and BeAl method, and 1.2 pg/mL (1% H 2 SO 4 matrix) for the BeO method.
Accuracy measurement. Accuracy of the method was evaluated by the analysis of a commercially available CRM containing Be in a blood matrix (see Table V ). The accuracy of the validated methods was within acceptable certified values. Blood samples containing Be were also available as proficiency testing materials for a quality assessment scheme and the results are reported in Table VI . For all experiments, all sources of contamination (biological matrices, reagents, materials) were verified. Spiked tissues were also used to confirm result.
Storage of samples. Stability was assessed once a week for four weeks and the results are shown in Figure 2 . The stability was also confirmed with two separate test tubes, polypropylene and glass (results not shown). As shown in Figure 2 , storage of the samples over a maximum period of 28 days caused no stability problems.
Discussion
Matrix digestion and powder dissolution
To ensure good quality results, ICP-MS cannot tolerate more than 0.5% (22) total dissolved matter. When faced with this problem, wet digestion is advantageous because it involves the destruction of organic matter (34) . It is important to obtain complete digestion as quickly as possible. Incomplete digestion could result in instrument problems or in a precipitate that could lead to loss of Be, and thereby affect the quality of results (34) . Moreover, it is known that simple solubilization of a sample, as in the case of blood, does not permit the analysis of large quantities of samples, due to rapid clogging of the injector torch of the ICP-MS caused by denatured proteins (35) . HClO 4 is recognized as the most powerful oxidizing agent used in the digestion of organic matter (34) . The digestion methods developed are similar to those used by NIOSH (36) and Verma et al. (37) .
It is also important to ensure the complete solubilization of Be powders because it is known that Be and its compounds are poorly biotransformed in the body (1) . Given the high solubility of Be and BeAl powder in concentrated acid solutions (38) , tests were carried out directly in the presence of organs, as reported in Table III . It is known that BeO particles formed at high temperatures (those used in the study) can only be dissolved under specific conditions (38, 39) . Therefore, as shown in Table III , H 2 SO 4 is required to ensure complete dissolution of particles and thereby obtain more accurate values in the unknown samples. However, hydrofluoric acid or dilution ammonium bifluoride could also be used, according to Ashley et al. (40) and Goldcamp et al. (39) , but its use would cause incompatibility problems with the glass components in the ICP-MS.
The fact that the BeO method uses H 2 SO 4 is a problem, since this reagent is not usually used in ICP-MS because of its high viscosity, high boiling point, and tendency to produce multiple matrix effects (26) . The problems mentioned have an impact on instrument stability, which leads to a significant and rapid drop in Be recovery during repeated analysis.
Even after the digestion step, there are still some organic residues that form an insoluble crust when digestion is taken to dryness at temperatures above 210°C. Thus, the maximum digestion temperature is below the boiling temperature of H 2 SO 4 (339°C), but at this temperature, complete evaporation of the reagent cannot occur. The strategy to leave a trace of H 2 SO 4 after digestion is also described in NIOSH 8005 (36) .
The results in Table II show that the correction method is accurate enough to be used instead of standard addition. The results obtained at the end of the analysis show that reproducibility was achieved inside an analysis sequence by the correction method chosen. The matrix effect was also corrected because the values obtained with correction were within the expected range for the CRM.
Choice of internal standard
The role of the internal standard is to compensate for physical interference and instrument instabilities that may affect the signal of the analyte of interest. To be effective, an internal standard should behave exactly as the analyte of interest, so its molecular weight and ionization potential must be as close as possible to those of the analyte of interest (22, 41) . There is currently no consensus in the literature for the choice of internal standard that is most effective for the analysis of Be by ICP-MS (25) . Figure 1 indicates that only the Be signal corrected with 6 Li did not vary as a function of the load of the matrix. This demonstrates stability for this internal standard, a quality that was sought by this experiment. Thus, 6 Li is the internal standard of choice for the methods. The phenomenon responsible for the non-linearity observed with 43 Sc and 72 Ge is the "space charge effect", where low mass ions are pushed off the ion beam by higher mass ions (which have a higher kinetic energy) before their entry into the lens (area under high vacuum). The fraction of small ions in the beam is decreased, and thus the apparent signal for these ions will also be decreased (42, 43) . As 43 Sc and 72 Ge are heavier, this phenomenon does not affect their signal in the same manner as with 6 Li and Be (22, 44) .
The isotopic abundance of Li in the natural state is 7.5% for 6 Li and 92.5% for 7 Li (24). It is mathematically possible to correct for the interference due to possible contamination by Li in the samples. This correction may be useful if the method is to be applied to human blood, because the possible use of antidepressants containing Li could alter the results (16) . Also, contamination can come from the anti-coagulant used in the case of blood collection, if it contains lithium heparin (45) .
Method validation
Precision measurement and limits of the method. The MDL was an important parameter to estimate in the study. Table VII shows the relevant methods identified in the literature with their respective MDL. The method used here was more rigorous than simply using a blank as in many other studies (28) . As reported by Miller and Miller (46) , it is difficult to compare the MDL between methods, because the calculation method differs from one author to another, but despite this fact, the MDLs obtained were mostly better (see Table VII ) than those identified in the literature, although better detection limits are usually observed with ICP-SFMS (47) . This is because ICP-SFMS has a very low background signal and better ion transmission than ICP-MS with a quadruple analyzer (48) . For tissues, the lowest detectable concentrations in the present study were slightly better than those of Engström's team (47) (2.0 pg/mL for the Be or BeAl method, and 2.2 pg/mL for the BeO method versus 6.0 pg/mL). For blood, the lowest detectable concentrations for both methods were comparable to those obtained by Rodushkin's team (35) , which is the lowest MDL found (2.2 pg/mL for the Be or BeAl method, and 2.0 pg/mL for the BeO method versus 1.4 pg/mL).
The values obtained for the replicability and repeatability of each method with both types of matrixes were consistent with the required value of 10% (27, 28) , showing low variability in the same and between-sample batches.
Accuracy measurement. As reported by other authors, CRMs for Be in biological organs need to be developed (38, 49) . Blood CRMs containing Be were used in the calculation of accuracy. However, Be in blood CRMs is spiked in soluble form, so this material does not determine the solubility of Be particles. This is one of the reasons why it is important to assess the solubility of each species by other means.
If we compare the present method with the methods found in the literature, it can be understood that one of the advantages of our method is the rigorous assessment of powder dissolution in the reagent mix. Very low MDLs were reported and the following reasons mainly explain this fact: rigorous digestion of the organic matrix (unlike simple dilution), which significantly reduces the matrix effects; a longer integration time because the study focuses only on one element, unlike several studies that analyze several elements at once; and an internal standard ( 6 Li) selected specifically for the analysis of Be and optimized for the matrix.
Conclusions
Reliable methods for the detection of ultra-trace levels of Be in various biological matrices have been developed and validated with methodological detection limits among the best in the literature. The methods developed are sensitive enough to be applied to future toxicological study.
Because validation has been done directly with human blood, these methods can be applied in epidemiological or toxicological studies for the analysis of Be in human blood. The methods also allow the determination of Be in the lungs of deceased workers in order to help distinguish between chronic beryllium disease or pulmonary sarcoidosis (37) .
